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in recent years iproverents in algorithms and copuring pors er hae allowed
the regular use of t-iree-densional viscous flowa progr to aalyse the flosin
turbines. Before these progrms can be used with confidence by the turbine
designer, hosver, they cst be validated by conparison with high quality experi-
mental data taken at realistic conditions.

A transonic turbine nozzle guide vane has been tested in an annular cascade
with two different endvamll geometries. The ceasurenents vere taken at engine-
representative flow conditions and include surface static pressures and a dou-n-
strean area traverse of total pressu--e.

The flowi through these geometries has been modelled at the test conditions
using a three-dicensional viscous flow progran. The effects of different mesh
densities and tuo turbulence models have been studied. Predictions of secondary
flow and loss have been obtained and are conpared with the experimental
neasurements.

This 1M orand=c is a facsiznfe of a paner to be presented at the 77th Sy.owaiz
of the A(I4RD PrP, San Antonio, le~nz, 11vy 29.92.
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theIsetrcic A~±Pistot C&scde or c= C,
I. ~ Ci-_ 3) is a ,ht dr:ation fazillty designed

to allowr hi~ (jzit- heat tre~sfet- XYai

she use c-f thmmaze 65 ..- dt~lrst iW aechn_ s uasuic to he taken fot a
p to staljs th fowl- ± "-sie ezmlpar cascade of tm-bImne vanes.

rdfsybade ass !=~a hecam wide- Its desin ard operation has been described
screed Anw=e years :n geme-al thesa in an AZ-M pm.= pregented:Ln 2935 (Pef 3).
=etbods ate cteivuseS- to analyse exist- A =rajot extensiram of the ility, to e-ab'

L-gdesigns or to chck sp~~fa~sof har, transfer data to be taken f=a a
a ne~tc esign in the -alstages of the rotating rotor rcerred stwr-eami of the
design process. M' these =e-'d are to nozzle row, has been deaigned and will he
realise their full -potential Zor radicaIlY Ln-""-

4 
in 1991. The aerc&rua=i crrw'i-

1zpzovIn tuxb~ccad-iery aesupn they-Fust be tico asre= of the cascade, to catchs the
used :mxia earlier In the design prones. egnpattrsof exit lahrxl'ker,
shis recuizes the design-er to hawe confidence R~eynolds caz=ber- and. gas-to-wall tumria--atUre
:in the capability of the'progzran x also a ratio, are obtained by the isentt-cPiz

goo atetsssingof the effect f the cospressicn of aix in a large pp tube.
avia-l cpticns, such as =-sh size and This camression is petfo~ed by a free
density, otdiffern turbulence rodelS. piston dtiven along the tube by high pressure

air. -an the cc-r-=t conditions ame
To help prove this confidence, a turbin ad-aeved a fast- :cti,g plug v-alve opens
nozzle guide vane crgv), designed-for allming the air to flow through the cascade

rnoicflows, has been tested In azat giving steady operating conditio jot
cascade form with two different endiall approxinstely 0.5 second, dating ubich tire
shapes An the Isentropic Light P,.ston Cascade aerodysnic and heat transfer data can be
(HpC) facility at IRAE Pyestock. ITe-sata agaired.

nozzle qemcetry has been analysed using a
three-ditensionel vi!3=u3 flow progp= with For this series of tests the Anstrusestation
different-reshes and tuztulence codels. This consis-ted of static pressure tappings at a
paper reports the results of these caqpeta- total of 188 locations; on the vane surfaces
,zons and makes a prz~ with the esperi- and endkalls. An area traverse of total

rental results. pressure kas perfor'ad on a plane 0.2 axial
chord clownstrea of the trailing edge. 7bis

2. TEE 11W DS!W2 was hilt up from a series of 27 circiziferen-
tial sweeps at different- radiiI each sweep

The ngv tested kas designed at the Roy'al reqaixing a separate run of the IiPC
Aer-ospce Establisrmet as'part of a high facility. Ihe clrcirferential extent of a
work capacity, high bladle speed turbine known sweep was approximately 1.5 vane pitches. As
as the High Rimi 4-d Ithbine. The design. it was desired to traverse through two vane

philosophy ar4 test perfocraence have been wakes an each aweep and the vane wakes were
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.~tt asto dwp -c the aernj-~ nierata zi 2000 tine 3sca

ratio ose o ccatlyshra proidingsh 4 ras*;Ami aporoxn=tely 43 ~ o x
eno~ r-e==e to cacn alquatei r the tie

akes- 3 na:=ra IreqaxrY of the
stnis ow a tsciaely 400 F=. 5- iPsa CaSIMSa

=)a === cf ce- of the traves- b fou emlajed fi o -I4.1 the
Fmtcmnpesiads "-3' beILn=-- rfile are coopaed in -qgre 3

inuing meaz the ftrb. To oencm tbese and 4. The dififerect mes ref n at
diffic:'-Irrprs ti#s w= ts ~ n a-- -- traiiing edes an a so-lid

use_ a ra4ttip Lor tbe trawerses ab7'we surfaces resute in the mesh --aciNgs steen
=dd-beighe an-A a snece-tpfrthmse in table 1. The iend l bc_,azy layer at
below (figure 2). - -y-singtbese t- prrke the first plane, one aial chord ispstrean of
rieso nc pssible, to tts-vO-e to %O±12i51 the leading edge s sent to have a thickness
7.5t ~ of both 0401-13. of 61 =,Islr height. Tis resulted in 6

_ points i this inlet bosrsdary layer for
4. - QM rasheas 1 and 2, and 8 points for- rashes 3

and 4.
he =_thod used to analyse the flow' is the
three-dir rsicnal visco= flow~ progran of t& ::dhegh distributioo3 of isentrePio
Dawns (Ref 5). This solves the usteady PAc-s rzrber predicted with the diffeent
iL-y olds averaged Manier Stoke 5:Bgti=n for ahes are capared in figure 5. '7he rain,
a steady solution using an irplicit, tire variations ccr on the pressure surface
rarching algorithe. Twuslent_ stresses are between the leading edge and 60% axial chord
=dlled using an eddyf viscosity cocet (cax) and on the suction =-rface at about 60t

Ten* forsilatiors of eddy viscosity are- Cax. 7he latter feature corresponds to the
available: an algebraic rathod die-to Baldwin impingement of the crailing eadge shock on to
and Icasx (Ref 6Y~ aoane-ecuaticatrethod the suction surfaoe and the differences are
patterned after that of Birch (?ef 7). The probably the to the different modelling of
latter model =Iudaxls an additional transport the trailing edge flow with the various
emiatiass for tuzbulant- kinetic eniergy which mehe. This shc 23 -eled best with
is solved using a space- --arching algorithn. rash 4, which has the finest spacing at the
In t.he Re &--s-Ierax model 1=nrtubln trailing edge. Contour of Fach nurber near
trtusiticn is modelled by specifying loca- the trailing edge are illustrated for rashes
tsons for the start and end of traflsitiocl on 2 and 4 in figure 6. The pressure surface
both suction and pressure surfaces. A v7alue 'bosdary layer upstream of the trailing edge
of intecoittency is then calculated for each is considerably thinner with the finer rash
rash point by linear interpolation between leading to delayed separation and higher peak

these specified transition locations. For- M~ich nu:,ber at the trailing edge. this
the current series of cal cul ations, tran- produces the stronger shock evident where it
sition on the suction surface was set to impinges on the suction surface. On the
start at 25% axial chord MCax) and end St 60t forward pressurn, surface the isentropic: Mach
Cax. The corresponding figures for the narrber is higher with the finer rashes than
pressure surface were 4D%and 90%. The the coarser. The differences appear to be
one-ecliation rathod mrodels transition throug~h associated with the finer cross-stream, rash
a lay PReynolds nazzber davping term, rather than the axial refinement, suggesting

that they are due to the improved, modelling
Spatial discretisation is achieved usn a of the pressure surface boundary layer es a
sheared, cell-centred H-vesh. the different result of the firer spacing of rashes 3 and 4
denities of rash were employed; calculations in this region.
with meshes 1 and 2 used 25 points circzzr-
ferentially, 25 radially and 89 axially, a Figure 7 carpares the secondary flows near
total of 55625 rash points, while those with the suction surface for rashes 1 and 4. The
rashes 3 arol 4 used a 33 x 33 x 119 rash manner in whsich the endLwall crossflow was

r1991ah points). In each case the rash swept onto the suction surface can be clearly
was refined considerably near solid surfaces seen in both cases. The finer rash (4) has
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coar e cashes reflect g the i ota bedenthe wakes. -ee am eato a -
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2,,2rs d 3 ethe .hA the fr eshs ofse fe the vanes -4-t f= pielc
'~ekl11 a ==e " groth of lc3s v vari-tions 1-4ing the lc-eatn If-ib

2r~ the Wa passage; the loss tIath the t b -, rig. B of the = n = = hb he

cwarer cahehs fre the leading edge ts traese is penfta d, a v greae wrth tire
-I-- 3he Cm thn da- esh b r part icasy eariathe ith positheren the
again tcrde s the la3s14 edge. zt the l i ped. M oscillatios can be
t gedge sh 4 shows a very apid ang l g re ted by er analys to allow

Th aoe loss with lite aL J pro e groth foa tue variatins in u ste total pressure;
d7wn-teas urbuea e the oe with, the -te at 10 aed 50% bet after this
pei rly rahes and 3, show. less growh additional processing are sho m in figure
a t aln edge ne significant furher 12.
gro uotruee elis is att I and to theo

increased ming of the flow at tbe trailing the iditvidoal r boenal sweeps, after
edge withras 4 dine to tbe fi-ner mash processing, have been cocbined to foss a
spaong t-n this resgon. 7e total loses at. csplate area traverse atd contours of total
the exit plane (1.0 arual codeistrean f S-e ar hoia in re as tfehe wth
the trailing edi) for tre o 1 and 4 are hre*sed es e gts
0.081 and 0.02 respectively. s e o 4. me predictians both show akes

wihare _ider at md-height than near tbe
contrs of total pressure on a cross-tre e thew in the prediction with

plane at 1201 axial chord are c losasred for the osn e- tin model is wider (23% pitch at
all four cashes in figure 9 . The distinctive mjd-heaght than that with the Baldwin-Iccax
cunraed vke is loe to the urvd tralig =del (20S); tbe eofeperintal results show a
edge and the raia mariation of exit angle. wake whidch is sightly %-ider- than either
In each case the peak loss (minion total prdito (25%). The cn-equation codel
pressre) occurs in a thick region around predicts a similar deficit of total pressure
mid-height, the level of this peak loss being in the centre of the wake to the experimental
similar for all the cashes, Meshes 1 an 4 vau u he Bacbn-laax: model does not
give narrower wakes than (respectively) capture the fun deficit. In canon with the
cashes 2 and 3 suggesting that the finer cash expeiet result neite predictionha
.i the trailing edge region has changed the identifiable regions of secondary loss though

modelling of the flow in the mixing region the Ba ~i-losax results do exhibit asr
dowmnstrew Of th e tra ng 6Is. thickering of the wake near the hub. The
wake with cash 4 is narrower than with cash 1 experimental results show greater curvature
indicating that the improved modelling of the of the wake near mid-height and a more acute
suction and pressure surface boundary layers angle between the wake and the endwall,
due to the finer near-wall mesh has resulted atullynrthtihneterP-
in thinner boundary layers being predicted at pirticulawly nearn the tipeuthan ithelre
the trailing edge. giving a slightly closer result.

6. nUjl7 Z-rO CVPARISCN 8. OCMPAlISCN CF ENMVP.L PetCtIE

The above results were eli produced using th Measurements of surface static pressure were
Baldwin-larax turbulence modal with th taken for both -he bellsouth and S-bend
specified transition locations. Calculations eniwali profWas. These are showa on figure
have also been performed usn h n 14 in therform of isentrcoic Mach nr"-ber
equation turbulence model on cashes 1 and 4. distribuntions at 10% and 50% span, together
Trhe develornt of the mass averaged loss with predictions for both endwali profiles,
along the vane passage is crpared for these using cash 1 spacings. At 10% span the
cas~hos with both turbulence models in figure s-bend hub profile has increased the Mach
10. There ace only small differences between mo-rtar on the early part of the suction
the results with the two turbulence models, surface and slightly increased the strength
particularly with the coarser cash. This is of the shock at approxinmately 70% Cax. The
consistent with the findings of Dawes (Ref 8) effect on the pressure surface is swall. At
which he attributes to caost of the loss being 50% span there is very little difference
generated very zlose to solid surfaces, between the two sets of experimental results,
within a laninaz sub-layer region which is though the S-bend does stili have a slightly
canon to both rmodels, higher Mach n-sober over the early suction
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o~ d f these diffe- has been 2T e As P pa: X-28
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to th:e suc== sa-fac s'='y fthrdo- 4. G. C. Eartonc, Se MfayFOW Pedi-

St==a --the.he S-d -=file b"- that 11 t--t for a ?~-OI2;0 o- ed,

does so at a greater zngle resutin in a Ao C-469, 19M.
gratr se retof the vase bein

affected by, the secondary flo. 7eeffect 5. W. N;. ZDawls, -A Itreria1 Fotho for

on the losses :is ==.11 as is-sh'.e1 by the Arziysis of S)a Oressible Flow in

ConrmS c" total pressure on, the plane at, Tuzbine Cascades; ' " to Seccz&Prv

20M era i6 figurev 16. there is very little Fow Deve1-t in a Cascade With and With-

difference bstiwepes the shape, of the vase cort Dibedral", P-S.- P==e 86-G-145, 2935.

wakes or the total pressure deict for
either en-dwall procfile. .he total l0ss is 6. B. S. BalWin and. H. Icor, TLhin

0.081 o-1 exit er=:r he-d for the beIL---h± laYEr- itProiirati and Algerai Y20d1 for

profile and 0.0 .84 :for the S-bend. Separated Turblpes Flows", Amh Paper 78-257
1978.

9. C(MMNlar
7. N. T. Br, avrSoksPredic-

A transoic turbine nozzle guide v= has tions of Transition, Tos and Heat, Tranfer

been tested in as rl ascade facility in a Turbine Cascade, AS Pprer 87.-M-22,
with two d'Urferent enxafl profiles. Vane 1987.
surface static pressures have bees ceasured
a.-x a traverse of the total pressure field 8. W. N. Dawes, "A CoaparisoM of Zero and

dootenof the traxl2rg edge has bees cr Ecuation Tuisoalence Modlling for T-b-
perfocired for one of the profiles. rahinery calculations"', As- paper 90-GZ-30

-Abe new area traversing technique has given 19.

good results. it has bees fornd necessary to
process the results to resue the effect of Cqsyzrig!2t
piston oscillation. a

Controller 1003O London

The Dawes three-dirensionai viscous flow 1991
progres has bees used to rodel the flow
through the nozzle. A variety of mesh dens-
ties and distributions have bees investigated
as have two different turbulence nodls.
Good agreenent has bees obtained for the
pressure distributions and realistic second-
ary flows have been predicted . It was found
that the finer rreshes gave better predictions
of the static pressure distributions and
redoced levels of loss as a result of the
irproved modelling of the vane surface
bound~ary layers-

The different turbulence models were fond to
have little effect on the predicted overall
loss though there were differences in the
distribution and the shape of the vane wakes.
The one-eqation turbulence nodal produced
wakes which had similar levels of total
pressure deficit to the eoqerirent and had a
rore similar shape than those with the
Baldain-len5x algebraic mxVdal.

Rzsa

1. R. c. Kingcarbe, 3. 0. Bryce and
N. P. leversuch, "Design and Test of a Highn
Blade Speed, High Work Capacity Transonic
Turbine-, AGMS C'-421, 1987.

2. R. c. Kingcwnbe, S. P. Harasgama,
N. P. Leversuch and E. T. Wedlake, "Aero-
dynamic and Heat Tran~sfer measurerents, on
Blading for a High Rim-Speed Transonic
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Fig 1

Axial spacing a lea~:rng'e1ge M. axeal chrd 0.e3 n 2.4 I0.30 0.-0

A xia -s acing a t tra il ng ige ( % ax ial c ord) 1 0 .35 0 .43 --.3 0.1 0
Spanwise spacing at eadi'all tZ blace height) 0.39 0.49 0.24 1 0.24

Tangential spacing at Wlade surfaces (Z pitch) j0.39 0.39 024 02

Table 1. Mesh spacings fo- different oshes

Leading Trailing
edge- ediie

421-height *Bellrouth' hub pro~file
sectiont

Tip

Suvtion Pressure
surface surface

*S-Bend' hut) profile

Hub5
Trailing edge
tangential stack

Fig I illustration of ngv design
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Fig 203

straighit tip swan-necked UiP

Fig 2. The two traverse probes

Fig 3 Details of calculation meSh
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Fig 4

Mesh 3 Mesh 2

Fig 4 Details of mesh hear trailing edge
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Fig 5&6

IsentropiC Hach no.

1.3 m....esh 2

1.2 m esh 3
mesh 4

1.1 I

1.0

0.9

0.0

0.7

0.5

0.4

0 3

0.2

0.1

0.0
-100 -75 -50 -25 0 25 50. 75. 100. 125. 150 175 200

% asp') chord (Cax)

Fig 5 Comparison of mid-height iSentrosiC Mach nurber

distributions with different Meshes

1~ 05

0 90

100 95

Mesh 2 mesh 4

Fig 6 Contours of Mach number hear trailing edge
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Fig 23 Total preSSU-e Contoi. S on a pane at 120% axial chord
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Fig l"-i
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